Thiamine stimulates the production of a red pigment, which is chromatographically and spectrophotometrically identical to prodigiosin, by growing cultures of Serratia marcescens mutant 9-3-3. This mutant is blocked in the formation of 2-methyl-3-amylpyrrole (MAP), the monopyrrole moiety of prodigiosin, but accumulates 4-methoxy-2, 2,'-bipyrrole-5-carboxaldehyde (MBC) and can couple this compound with MAP to form prodigiosin. Addition of thiamine caused production of MAP, and as little as 0.02 mg of thiamine per ml in a peptone-glycerol medium stimulated production of measurable amounts of prodigiosin. Phosphate salts and another type of peptone decreased the thiamine-induced formation of prodigiosin; yeast extract and glycerol enhanced the formation of this substance. Thiamine also enhanced production of prodigiosin by wild-type strain Nima of S. marcescens. The thiamine antagonists, oxythiamine and pyrithiamine, inhibited thiamine-induced production of MAP and of prodigiosin by the mutant strain 9-3-3, formation of prodigiosin by the wild-type strain Nima, and production of MAP by another mutant, strain WF. The pyrimidine moiety of thiamine was only 10% as effective as the vitamin; the thiazole moiety, only 4%; and the two moieties together, 25%. Various other vitamins tested did not stimulate formation of prodigiosin by strain 9-3-3. Thiamine did not stimulate production of prodigiosin by a single-step mutant that showed the same phenotypic block in prodigiosin biosynthesis as strain 9-3-3. This is not surprising since strain 9-3-3 originated as a result of two mutational events. One event may involve thiamine directly, and the other may involve the biosynthesis of MAP. Thiamine is probably involved in the regulation of the biosynthesis of MAP, because the vitamin or inhibitory antagonists must be added during the early phases of growth in order to be effective.
When grown aerobically at temperatures below 37 C, Serratia marcescens usually produces a red pigment, prodigiosin. The terminal step in the biosynthesis of prodigiosin ( Fig. 1) involves the coupling of a stable bipyrrole, 4-methoxy-2,2',-bipyrrole-5-carboxaldehyde (MBC), with a volatile monopyrrole, 2-methyl-3-amylpyrrole (MAP), to form a linear tripyrrole (9, 15, 21) .
Mutant strain 9-3-3 (13) is blocked in synthesis of MAP but can synthesize MBC (11, 12, 16) and the enzyme that couples these two moieties to form prodigiosin (9, 15, 19) . If furnished with MAP or certain synthetic monopyrroles, strain 9-3-3 forms either prodigiosin or prodigiosin analogues (10, 15, 18, 21) .
As reported in this paper, when thiamine is added to the growth medium, strain 9-3-3 produces a red pigment that has been identified as prodigiosin. The vitamin induces formation of MAP. Thiamine antagonists inhibit formation of prodigiosin and MAP in strain 9-3-3, synthesis of MAP in mutant strain WF, and production of prodigiosin by the wild-type strain Nima of S.
marcescens. MATERIALS AND METHODS
Organisms. Strains of S. marcescens used in this investigation were (i) Nima, a typical, wild-type strain that produces prodigiosin (20) ; (ii) mutant WF (4, 21) , which produces MAP but is blocked in synthesis of MBC, and yet can couple these two moieties to form prodigiosin (9, 21) ; (iii) mutant 9-3-3 (13) , which excretes MBC and also produces the enzyme for terminal biosynthesis of prodigiosin, but is blocked in synthesis of MAP (15) ; and (iv) mutant H-262, which is phenotypically like strain 9-3-3. Mutant H-262 was isolated after a single exposure of the wild-type strain Hy of S. marcescenis to ultraviolet irradiation. Media An indirect assay (19) was used to measure the volatile MAP because as yet no direct assay has been developed for this compound. The indirect assay utilized the syntrophic interaction of mutant strains WF and 9-3-3; the volatile MAP produced by strain WF, or by strain 9-3-3 when grown with thiamine, is coupled with the MBC synthesized by strain 9-3-3 to form prodigiosin. Strain WF or strain 9-3-3 was grown on the appropriate test medium in the bottom of a petri dish, and strain 9-3-3 was spread uniformly over the surface of PG agar in the top of the same petri dish. The amount of prodigiosin formed in the latter culture of strain 9-3-3, after incubation of the closed petri dish at 27 C for 48 hr, was then measured by the procedure given above. Since one molecule each of MBC and MAP couple to form one molecule of prodigiosin, the amount of pigment formed reflected the amount of volatile MAP produced, assuming an excess of MBC was available. The presence of this latter condition in the assay was established by preliminary experiments.
The following procedure was used to measure the ability of cells to couple MBC with DEP to form prodigiosin analogue. After centrifugation, the cells to be tested were resuspended in sterile supernatant fluid from cultures of strain 9-3-3 to a concentration of 0.5 to 1.0 mg of protein per ml. A 5-ml amount of this suspension was placed in a petri dish, and 250 ,ug of DEP was added. DEP was dissolved in about 2%o ethyl alcohol in 0.5 M phosphate buffer, pH 6.8. The amount of analogue present in the mixture after incubation for 1 hr at 27 C was determined by the method described above.
RESULTS
When thiamine was added to PG medium, mutant strain 9-3-3 produced a red pigment ( Thiamine was added at zero-hour. Cells were grown in PG medium an1d were harvested after growth for 24 hr at 27 C. thin-layer, or column methods; these data ndicated that the pigment was prodigiosin. As will be shown later, addition of thiamine to PG medium also enhanced production of prodigiosin by growing cultures of the wild-type strain Nima (Fig. 6 ). Table 1 .
Basal medium contained 0.5% dibasic ammonium citrate, 0.005% ferric ammonium citrate, 0.05% MgSO4, 0.5% NaCl, and, with the exception noted, 0.2% glycerol in distilled water at pH 7.2. All media were sterilized by autoclaving.
c Thiamine was added at a concentration of 50 ,ug/ml.
Additioni of thiamine to media other than PG also promoted formation of prodigiosin by strain 9-3-3 (Tables 1 and 2 ). Phosphate salts (Table 1) and N-Z Case peptone (Table 2 ) reduced the amount of prodigiosin formed even in the presence of thiamine. On the other hand, yeast extract and glycerol enhanced the effects of thiamine (Table 2 ; Fig. 3 ). In a medium containing 100,ug of thiamine per ml, 1.5 % glycerol, and 0.2% yeast extract, almost 90,g of prodigiosin per mg of protein was formed, a value that represented about 1 to 2% of the dry weight of cells. The details of these variations in composition of media were not investigated further. Since addition of thiamine either to PG medium or to CM medium from which phosphate salts were omitted induced formation of significant amounts of prodigiosin, these media were used in most of our experiments. Prodigiosin was not synthesized by strain 9-3-3 when biotin, niacin, pantothenate, p-aminobenzoate, pyridoxamine, riboflavine, or ascorbic acid was added to the growth medium in place of thiamine. prodigiosin production by S. marcescens strain 9-3-3.
Cultures were grown on a shaker at 27 C in CM medium from which phosphate salts were omitted. The thiamine concentration was 100 ,ug/ml. After harvesting the cultures at the indicated times, assays were performed.
For effective induction of prodigiosin formation, thiamine must be added to the medium during the early stages of growth (Fig. 4) . The later the addition of the vitamin once growth had been initiated, the less effect it had upon pigmentation. Thiamine added after 16 hr of incubation showed no effect when the cultures were assayed after 24 hr of incubation. Since some cultures were sampled 8 hr or less after the addition of the vitamin, the possibility existed that the interval between the addition of thiamine and sampling was too short for the detection of any effect on pigmentation. This possibility was evaluated by assaying again, at 41 hr, cultures to which thiamine was added after 12 hr of growth. The additional period of incubation produced no significant difference in the amount of pigment formed when compared to the 24-hr samples (Fig. 4) .
Oxythiamine, an antagonist of thiamine, inhibited the effect of thiamine upon formation of prodigiosin by strain 9-3-3 ( Fig. 5) . At a molar ratio of 100:1 (oxythiamine to thiamine), prodigiosin formation was inhibited by about 66%. This process was more easily inhibited than growth, production of bipyrrole, or the ability of strain 9-3-3 to couple MBC with DEP to form prodigiosin analogue. At higher molar ratios, however, these metabolic activities were also inhibited. The ability of oxythiamine to reverse the effect of thiamine was only apparent when the antagonist was added during the first 10 hr of growth. This fact correlated with the observation that thiamine must be added during the early phases of growth to induce formation of prodigiosin.
Oxythiamine also inhibited the production of prodigiosin by the wild-type strain Nima (Figs. prodigiosin by wild-type strain Nima of S. marcescens grown in PG medium. Culture and assay conditions were the same as described in Fig. 5 . Thiamine (10 ,Ag/ ml) was added to one set ofcultures ( 0), and no vitamin was added to the other set (EO). Note that the addition ofonly thiamine to PG medium enhanced the production ofprodigiosin by about S ,ugper mg ofprotein per ml. and 7). The addition of a small amount of thiamine to PG medium (Fig. 6 ) exerted a protective effect upon inhibition of pigment formation by oxythiamine. The antagonist also inhibited formation of pigment by strain Nima and the formation of thiamine-induced pigment by strain 9-3-3 when these strains were grown in CM medium without phosphate (Fig. 7) . Since CM medium contains some thiamine in the yeast extract [according to the manufacturer, dehydrated yeast extract (Difco) contains about 3 ug of thiamine per g], higher concentrations of oxythiamine were required for levels of inhibition comparable to those obtained in PG medium (Fig. 6) . The concentration of oxythiamine shown in Fig. 7 was expressed as milligrams per milliliter rather than as a molar marcescens, grown in CM medium from which phosphate salts were omitted, and upon the production of MAP by strain WF (A) grown on PG agar. Thiamine (2 ,Ag/ml) was added to cultures ofstrain 9-3-3. In these experiments, 1.8 mg of oxythiamine per ml of CM medium is equivalent to a molar ratio of500:1 of thiamine in PG medium. Cultures ofstrains Nima and 9-3-3 were assayed after growth on a shakerfor 24 hr at 27 C. MAP production by strain WF was measured by the indirect assay.
ratio because the exact amount of thiamine in the medium was unknown. In addition, production of MAP was inhibited when mutant strain WF was grown on PG medium containing oxythiamine (Fig. 7) . The induction of prodigiosin formation in strain 9-3-3 by thiamine was very sensitive to another antagonist, pyrithiamine. A molar ratio of antagonist to vitamin of 10:1 inhibited formation of prodigiosin by about 95%, while reducing growth only about 25%; the production of MBC was not markedly reduced, nor was the ability to couple MBC with DEP to form prodigiosin analogue (Fig. 8) .
The pyrimidine moiety of thiamine, 2-methyl-4-amino-5-aminomethyl pyrimidine, was about 10% as effective as the vitamin in inducing prodigiosin formation in strain 9-3-3 ( Table 3 ). The thiazole moiety, 4-methyl-5(f-hydroxyethyl)-thiazole, was even less effective. Addition of both moieties to PG medium gave about 25% of the response of thiamine itself.
The above data suggested that the addition of thiamine enabled strain 9-3-3 to synthesize MAP. All cultures were incubated with shaking at 27 C for 24 hr before assay.
b All compounds were added at a concentration of 100 l,g/ml. If this hypothesis were true, then any volatile MAP produced by strain 9-3-3 growing on medium enriched with thiamine would promote syntrophic pigmentation in other cultures of strain 9-3-3 growing in the absence of the vitamin. As can be seen in Table 4 , more MAP was produced on medium enriched with thiamine than was required for formation of prodigiosin by strain 9-3-3, since cultures growing on media containing thiamine not only formed prodigiosin, but also promoted syntrophic formation of prodigiosin in cultures lacking the vitamin.
DISCUSSION
Thiamine induced formation of a red pigment in mutant strain 9-3-3 by stimulating production of MAP. Spectral and chromatographic evidence indicated that the pigment was prodigiosin. Thiamine did not cause reversion of strain 9-3-3 to a pigmented state, nor did it favor the selection of a spontaneous, pigmented mutant. When red-pigmented cells of strain 9-3-3 were harvested, washed, and then inoculated into fresh medium without thiamine, their ability to form prodigiosin disappeared.
Thiamine also enhanced production of prodigiosin by the wild-type strain Nima. However, strain H-262, a single-step mutant that is phenotypically like strain 9-3-3, did not form pigment when grown in the presence of thiamine. This was not surprising, since strain 9-3-3 is a spontaneous mutant isolated from another spontaneous mutant, strain 9-3, that originated from the wild-type Mutant strain 9-3-3 grew well on a minimal medium containing no thiamine. Therefore, the organism can synthesize enough of the vitamin to carry out basic metabolic reactions. The inhibitory effect upon growth of the thiamine antagonists oxythiamine and pyrithiamine supports this assumption. Mutant strain 9-3-3 also apparently synthesizes only a limited amount of the pyrimidine component of the vitamin, since additional amounts of this moiety do induce formation of some prodigiosin. Addition of the thiazole moiety induces formation of only a limited amount of pigment. Addition of both moieties together does not cause formation of pigment equivalent to that formed by the addition of the whole molecule; thus, the mutant evidently has a limited capacity to couple the two moieties to form thiamine.
Wild-type and mutant strains of S. marcescens possess catalase activity (22) . Mutant strain 9-3-3 also contains this enzyme (unpublished data). In addition, strain 9-3-3 grows well aerobically, presumably by utilizing cytochrome enzymes. These observations indicate that the mutant synthesizes the pyrrole groups of the porphyrins found in these enzymes. The usual pathway for pyrrole biosynthesis involves B-amino-levulinic acid, but this compound is poorly incorporated into prodigiosin (8) . This fact suggests that the pyrrole groups of prodigiosin are synthesized by a different pathway than the pyrroles of the porphyrins. The pyrrole moieties of prodigiosin, MAP and MBC, are probably synthesized by separate pathways (Fig. 1) , although they may have common early precursors (9) . Our data indicate that thiamine influences synthesis of MAP, but the effect of the vitamin may be indirect and may involve some other pathway, rather than affecting synthesis of MAP directly. The vitamin does not substitute for MAP because addition of thiamine to suspensions of cells of strain 9-3-3 produces no pigment. Since thiamine must be added early during growth for the most effective induction of prodigiosin biosynthesis, and corroboratively, antagonists of thiamine must also be added early to cause inhibition, the vitamin probably influences early steps in either the regulation or the biosynthesis of pigment.
Phosphate salts inhibit biosynthesis of prodigi-*osin by wild-type organisms (1, 3) , biosynthesis of MBC in strain 9-3-3 (19) 53, 1963) . Phosphate causes a similar inhibition of thiamine-induced pigmentation in strain 9-3-3. The effect of thiamine and of the phosphate salts may be related and may involve a common biosynthetic step. Interestingly, when strain 9-3-3 is grown in the absence of thiamine in media lacking phosphate salts (6) or in PG medium, it produces a purple pigment. This pigment has different spectral characteristics than prodigiosin and is probably identical to the dipyrrolyldipyrromethene analogue of prodigiosin recently reported (14) .
An apparent paradox exists in that strain 9-3-3 can synthesize enough thiamine to carry out its basic metabolic functions, but not enough of the vitamin is available to permit synthesis of the nonessential compound, prodigiosin. Perhaps the effect of thiamine upon biosynthesis of MAP does not involve the vitamin in its usual role as a coenzyme. Nothing is yet known of the early biosynthetic steps leading to formation of prodigiosin, and these steps must be elucidated before the effect of thiamine can be explained.
